ABSTRACT In the dark, the ventral photoreceptor of Limulus exhibits timevariant currents under voltage-clamp conditions; that is, if the membrane potential of the cell is clamped to a depolarized value there is an initial large outward current which slowly declines to a steady level. The current-voltage relation of the cell in the dark is nonlinear. The only ion tested which has any effect on the current-voltage relation is potassium; high potassium shifts the reversal potential towards zero and introduces a negative slope-conductance region. When the cell is illuminated under voltage-clamp conditions, an additional current, the light-induced current, flows across the cell membrane. The time course of this current mimics the time course of the light response (receptor potential) in the unclamped cell; namely, an initial transient phase is followed by a steady-state phase. The amplitude of the peak transient current can be as large as 60 times the amplitude of the steady-state current, while in the unclamped cell the amplitude of the peak transient voltage never exceeds 4 times the amplitude of the steady-state voltage. The current-voltage relations of the additional light-induced current obtained for different instants of time are also nonlinear, but differ from the current-voltage relations of the dark current. The ions tested which have the greatest effect on the light-induced current are sodium and calcium; low sodium decreases the current, while low calcium increases the current. The data strongly support the hypothesis that two systems of electric current exist in the membrane. Thus the total ionic current which flows in the membrane is accounted for as the sum of a dark current and a light-induced current. 
I N T R O D U C T I O N
Since the work of Fuortes (1959) and R u s h t o n (1959) it has been k n o w n that light decreases the resistance (increases the c o n d u c t a n c e ) of the p h o t o r e c e p t o r cells in the o m m a t i d i a of Limulus. Similar observations were m a d e by Fuortes (1963) in the photoreceptors in the eye of the dragonfly. In studies on the p h o t o r e c e p t o r cell in the c o m p o u n d eye of Calliphora, Washizu (1964) observed a decrease in the m e m b r a n e resistance of the cell associated with the
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The Journal of General Physiology evoked receptor potential. Recently Brown, Meech, Sakata, and Hagiwara (1968) have demonstrated a light-induced conductance change in the lateral eyes of the barnacle using a voltage-clamp technique. This paper will investigate the conductance changes and the currentvoltage relation of the ventral photoreceptor of Limulus, which in some ways resembles the retinular cells of the ommatidium. The large size of the ventral photoreceptor makes this preparation ideal for measurements involving voltage-clamping techniques which of necessity require two microelectrodes. In this cell it is therefore possible to study in detail the currents flowing across
Control ling vo rage l FIOURE 1. Schematic diagram of the voltage-clamping circuit. The cell's potential (V) is measured with a unity gain high input impedance preamplifier (X 1). This potential is compared with the controlling voltage by a high gain differential amplifier (At) which feeds current back into the cell to keep its potential equal to the controlling voltage. The current (I) flowing through the cell to ground is measured with a second high gain differential amplifier (As). The output voltage of A2 is equal to the current times the feedback resistor (500 K fl).
the cell membrane during illumination and to analyze these currents in terms of the conductance changes which underlie them. Another advantage of the ventral photoreceptor is that its surface appears to be readily accessible to the bulk external solution. By changing the concentration of the different external ionic species the ions responsible for the currents which flow across the cell membrane during illumination can be determined. A discussion of the mechanisms involved in the conductance changes will be presented together with the relevance of these studies to the basic problem of photoreception.
M A T E R I A L S AND M E T H O D S
The location and description of the ventral photoreceptors in Limulus were presented in previous papers (Clark, Millecchia, and Mauro, 1969; MiUecchia and Mauro, 1969) . The desheathed nerve was placed in a small Plexiglas chamber filled with artificial seawater and the connective tissue remaining on the cell body was softened with 0.5 % Pronase (Calbioehem)in buffered seawater (pH 7.4) for 5 min. Two glass capillary microelectrodes (resistance 10-15 M[2, filled with 3 U KCI) were introduced into the same cell, one for passing current, the other for recording potential.
The circuit used for voltage clamping is schematically diagrammed in Fig. 1 . The membrane potential was measured with an electrometer input unity gain amplifier which had a grid current of less than 10 -1~ a. A second amplifier, A1, with a gain of approximately I000, was used in the negative feedback loop. A KCl-agar salt bridge connected the bath surrounding the nerve preparation to a calomel electrode which led to the Philbrick operational amplifier, A~, that was used to measure the current flowing through the system. This amplifier supplied current through a feedback resistor equal to the current flowing into its input. Thus the output voltage was equal to the input current times the feedback resistance. With a feedback resistance of 500,00012 a millivolt output was produced by a 2 na input. The dynamic range of this system was about -4-25/~a and the largest current measured in the experiments reported here was about 0.5 ~a. A possible source of error was the series resistance of the salt bridge, which was of the order of 5000 [2. A current of 0.5/~a would produce a voltage of 2.5 my across this resistance, but in most of the experiments the current seldom exceeded 0.1/~a. The membrane potential (l t) is expressed as the internal potential minus the external potential; i.e., the bath is arbitrarily considered to be at zero potential and the outward current is regarded as a positive quantity ( + I ) . The experiments were performed at room temperature (20-25°C).
The perfusion scheme and the composition of the various solutions used were the same as those presented in the previous paper (Millecchia and Mauro, 1969) .
R E S U L T S

Dark Current
NORMAL POTASSIUM SEAWATER In the dark, the voltage-clamp records (Fig. 2 a) from the ventral p h o t o r e c e p t o r cells of Limulus show time-variant o u t w a r d currents in response to depolarizing voltages and relatively timeinvariant inward currents to hyperpolarizing voltages. Since the first 20 msec of the c u r r e n t records were m a r r e d by oscillations which were inherent in the voltage-clamping system, the currents d u r i n g this interval did not enter into the measurements r e p o r t e d here. T h e large initial o u t w a r d c u r r e n t resulting from a depolarizing voltage falls in a quasi-exponential m a n n e r to a steady level, with a half-time of a b o u t 200 msec. Fig. 2 b shows the current-voltage relation at two times d u r i n g the clamp, one at the beginning of the c l a m p (0. l sec after the application of the clamp) and one toward the end of the c l a m p (2.5 see). Both curves are nonlinear, with the slopes increasing for depolarizing potentials. This can be seen m o r e easily in Fig. 2 c where the chord conductances, calculated from the current-
voltage data in Fig. 2 b, are plotted as functions of the voltage. When the cell is depolarized to 0 my, the steady-state conductance (2.5 see) increases to about 1.5 times the resting conductance, while the initial conductance (0.1 sec) increases to about six times the resting value. HIGH POTASSIUM SEAWATER The resting potential of the ventral photoreceptor is sensitive to the external potassium concentration (Millecchia and Mauro, 1969) . If the external potassium concentration is raised to about 350 mM the cell depolarizes to about + 5 my. Thereupon, when the membrane potential is first p r e c l a m p e d to the n o r m a l resting potential ( -5 0 m v ) a n d t h e n c l a m p e d to increasingly depolarized values, the current, i.e. b o t h the initial phase a n d the steady state, flows i n w a r d a t t a i n i n g a m a x i m u m value at a b o u t -2 5 mv, decreases to zero at a b o u t + 5 my, a n d at higher potentials flows o u t w a r d . All phases of the c u r r e n t reverse direction at the s a m e potential. Fig. 3 a shows Ed FIGURE 3. Effect of high external potassium on the current-voltage relations in the dark. The external potassium concentration was 350 rnM (removing an equivalent amount of sodium). The cell depolarized to +5 my. The cell was preclamped to -5 0 mv (the resting potential in normal seawater), then hyperpolarizing and depolarizing clamps were applied• In (a) the current in the dark (1), at two time points (0.1 sec, open circles and 5.0 sec, filled circles), is plotted vs. the clamping voltage (V). Ed is the reversal potential, zero current, for the dark currents. In (b) the chord conductance (Gd) from these currents is plotted.
" I969 see) and the steady dark current (5.0 sec). T h e chord conductances calculated from the current-voltage data are shown in Fig. 3 b. T h e voltagedependence of the conductances is quite evident for the two time points.
A system that has a voltage-dependent conductance that changes rapidly in a region where the voltage is more negative than the emf of the system will, in general, have a negative slope resistance in its current-voltage relation. This may be clearly demonstrated by calculating the slope, dI/dV, of the current-voltage relation from Kirchhoff's Law of potential: -e] where I is the current flowing through the system when an electrostatic potential, V, is imposed across it, and g and E are the chord conductance and the emf of the system, respectively. By differentiating this equation we obtain the slope:
We see that if the chord conductance, g, is voltage-dependent the slope can be greater than, equal to, or less than g. In fact, the slope can easily be negative if the first term of the right side of the equation is negative and larger in absolute value than g. This condition can occur if either the variation of g with V is negative while V is more positive than E, or if the variation of g with V is positive while V is more negative than E. This second alternative is, in fact, the situation that occurs in the ventral photoreceptor when it is depolarized with high external potassium.
Current Induced by Light
When the membrane potential of the cell is clamped in the dark and the resulting current is allowed to reach its steady level, a light flashed upon the cell gives rise to an additional current. This current, the "light-induced current," has a time course that is similar to the time course of the unclamped light response; i.e., the receptor potential. Fig. 4 a shows the light-induced currents from a cell at different levels of membrane potential, maintained by the voltage-clamp system, in response to a 1.5 sec light flash of moderate intensity. When the cell is clamped at the resting potential ( -4 8 my), the lightinduced current is inward (downward deflection) with a peak transient value of 40 ha, declining to a steady value of 5 na (light intensity attenuated 1 log unit from maximum). When the cell is clamped to voltages in the hyperpolarizing direction, the amplitudes of the light-induced currents are increased. O n the other hand, when the cell is clamped to voltages in the de-polarizing direction the amplitudes of the light-induced currents decrease, and at a membrane potential exceeding + 10 mv, reverse direction (relative to the dark current). The range of reversal potentials we observed in different preparations was from 0 mv to q-15 my. In Fig. 4 light response of the cell to the same stimulus (20 msec light flash, 1.0 log unit below m a x i m u m intensity). The currents all reach their peak after the voltage response has peaked. This is due to the fact that in the unclamped cell the light response has evoked a spike which has a more rapid rise time then the underlying currents. Since the voltage is not changing in the clamped situation the spike is not evoked. From such voltage-clamp records a currentvoltage curve can be obtained for any time point during the response. is voltage-dependent, and gives rise to the nonlinear current-voltage relation. Fig. 7 shows the peak transient light-induced currents as a function of the clamping voltage in response to three different light intensities. Again all the curves are nonlinear and they all cross the voltage axis at the same value. Therefore the conductance in the system proposed above is not only voltagedependent and time-variant, but is also dependent on the intensity of the stimulating light.
T h e relation between the various current-voltage curves can be seen m o r e easily if we calculate the c h o r d c o n d u c t a n c e as a function of the m e m b r a n e potential. This was d o n e for the peak transient c u r r e n t and the steady current and these are plotted in Fig. 4 c. T h e points on the curve were calcu- which was fit to the peak transient points. T h e exact form of the empirical curve has no theoretical significance; it was chosen simply for convenience.
T h e solid curve was obtained by scaling d o w n the dotted curve ( X 0.135) and it seems to fit the steady-state d a t a points adequately. This implies that the time variations of the light-induced currents are due to a process which simply scales the a m p l i t u d e s of the c o n d u c t a n c e , while the basic voltage d e p e n d e n c e of the c o n d u c t a n c e r e m a i n s fixed. 
SLOW POTENTIAL FLUGTUATIONS
" [969 (Millecchia and Mauro, 1969) . tion of the clamping voltage in Fig. 8 b. A curve of the form a + b V + c exp (kV) was fitted to the conductance data. Using this curve the empirical current-voltage relation was calculated and drawn on the current-voltage diagram of Fig. 8 a. This curve seems to be an adequate fit to the data points. The general shape of the current-voltage curve for the fluctuations is the same as that for the full-size light response, and the reversal potential of the fluctuations is exactly the same as that for the light response of this cell.
SODIUM-FREE SEAWATER In the unclamped cell, if the artificial seawater bathing the nerve is rapidly exchanged for sodium-free seawater, the light response quickly diminishes and is completely blocked within a minute or two. But if the cell is kept in the sodium-free solution, the light response slowly recovers to as much as 50 % of its initial value. This recovery takes 5-10 min and is not affected by constantly flushing the c h a m b e r with the sodium-free solution (Millecchia and M a u r o , 1969) .
A similar effect is observed w h e n the cell is c l a m p e d at the resting potential and the light-induced currents are m o n i t o r e d as a function of time in the sodium-free solution. Fig. 9 shows such a time sequence, where the peak transient c u r r e n t is plotted as a function of time in sodium-free Tris-seawater. T h e voltage was c l a m p e d to -4 5 m y (the resting m e m b r a n e potential); the peak transient inward c u r r e n t was initially 80 na in seawater. This c u r r e n t was completely abolished within 90 sec after the start of the exchange of Tris-seawater for n o r m a l seawater. After an additional 2 min the peak curr e n t gradually began to recover, and after a total of a b o u t 10 min it leveled off to a value of a b o u t 8 na; i.e., one-tenth the normal peak current. This value did not change appreciably over a period of a b o u t 30 min, even with suc-
cessive changes of the Tris-seawater. When normal seawater was reintroduced into the chamber the current rapidly increased, fully attained its initial value within a few minutes, and actually became slightly larger than the starting value. The current-voltage relations of the cell in Tris-seawater are shown in Fig.  10 . In Fig. 10 a the dark currents are plotted as a function of the voltage and in Fig. 10 b the chord conductances calculated from these currents are plotted as a function of voltage. It should be noted that there is no discernible difference between the data obtained from a cell in Tris-seawater and from the same cell in normal seawater (Fig. 2 b, 2 c) .
The current-voltage relation for the light-induced transient current of the cell in Tris-seawater is shown in Fig. 10 c. These data were obtained after the cell had been allowed to recover in the sodium-free seawater as described previously. The reversal potential is about -7 mv, as compared to the -t-8 mv reversal potential of the light-induced currents from the same cell in normal seawater (Fig. 4 b) . It should be noted that the peak transient lightinduced currents seen in Fig. 4 b are not maximal. This result is a consequence of the fact that the normal seawater data were obtained with a 1.5 sec light stimulus (repeated every 10 sec) as compared with the 50 msec flash used in the sodium-free seawater series of observations, and thus the cell was in a relatively less dark-adapted state. The chord conductance calculated from the peak transient current in Tris (Fig. 10 d) shows a functional relation to voltage similar to the corresponding chord conductance from the cell in normal seawater (Fig. 4 c) . In fact, it is also of the form a q-bV -t-c exp (kV) (solid curve in Fig. 10 d) but with slightly different constants.
LOW CALCm~ S~AWATER When the nerve is bathed with an artificial seawater which is deficient in calcium the light response is greatly altered. The steady-state response is almost tripled while the transient response is only increased by at most 25 % (Millecchia and Mauro, 1969) . Thus with a step of light the over-all response appears to be "rectangular" in form as a consequence of the small difference between the transient and steady-state phases.
In the dark the voltage-current data are not modified significantly by placing the cell in Ca-free seawater. O n the other hand, upon illumination profound changes are observed. For example, with the membrane potential clamped at the resting potential the steady-state light-induced current increases eightfold within 6 rain after exposure of the cell to Ca-free seawater. The time course of this behavior is plotted in Fig. 11 . The marked increase in the steady-state current occurs over a wide range of potentials as is seen in the voltage-current data obtained under the conditions of normal and Ca-free seawater (Fig. 12) . This potentiation of the light-induced current is reflected even more strikingly in the fact that in two experiments the clamping amplifier was unable to maintain a constant membrane potential during the transient response as a consequence of the marked increase in the membrane conductance. All the Ca-free experiments were performed with the Na concentration at its normal level. In order to detect any change in the .
reversal potential of the light response produced by changes in the external Ca concentration we must reduce the shunting effect of the relatively large Na conductance. Therefore, it will be necessary to repeat our Ca experiments in Na-free solutions.
A N A L Y S I S A N D D I S C U S S I O N
The main objective of this study has been to measure and describe the conductance changes that occur in the ventral photoreceptors of Limulus. Recently Smith, Stell, and Brown (1968) and Smith, Stell, Brown, Freeman, and M u r r a y (1968) postulated the existence of a light-modulated electrogenic pump to account for the receptor potential in the ventral photoreceptor cell in Limulus. The properties of this pump are such that it acts as a voltagedependent current generator with a high source impedance. Implicit in this system is a variable emf which accounts for the potential changes that occur during the light response. The source impedance of the hypothetical current generator would have to be at least as large as the total resistance of the cell which is approximately 10 megohms in the dark. We have found with our voltage-clamp measurements that the current which flows across the cell membrane during the transient phase of the light response can be 900-300 na. Therefore the emf of the system would have to be 9-3 v to supply this current. Not only would the emf have to be extremely large but also it must vary with the membrane potential; at approximately + 15 mv the emf must be zero and above this level it must reverse its sign to produce the current reversal we have observed. At the reversal potential the emf must be independent of the stimulating light and must not vary in time; at all other potentials it must vary with the light intensity and with time. The voltagedependent current generator proposed by Smith et al. therefore seems unrealistic when the voltage-clamp measurements we have made on the ventral photoreceptor ceils are taken into consideration. Our measurements have shown that a conductance change occurs when the cell is stimulated with light (a rather large change during the transient phase). There is an emf associated with this conductance change which is of the order of + 10 to + 15 my; this emf is constant for all levels of photostimulation and is a function only of the external sodium concentration. We would like to analyze this conductance change in some detail.
The conductance changes in the ventral photoreceptor can be separated, operationally, into two components (Fig. 13) . One component is assumed to be completely independent of light and thus is considered to be responsible for the voltage-current characteristics of the cell in the dark (designated dark conductance, G0). A second conductance is postulated to exist independently of the first, in that it is sensitive to light energy which impinges upon the cell (designated light-induced conductance, G,~).
The dark conductance, Gd, displays--within experimental error--timeinvariant behavior for levels of membrane potential exceeding the resting potential; i.e., hyperpolarizing potentials. However, in the direction of depolarization, this conductance shows time-variant behavior which becomes discernible at approximately a -3 0 mv membrane potential. This is inferred from the voltage-clamp responses of current, shown in Fig. 2 a. It is evident that with a step of depolarization the conductance rises and falls, attaining a peak value during a transient phase and subsiding to a steady value always greater than the resting conductance. Similar behavior has been observed in other tissues when long duration voltage-clamps have been employed ( and Trautwein, 1964; Nakajima and Kusano, 1966) , and has been inferred in still other systems to account for the phenomena of "delayed rectification" (Frankenhaeuser and Waltman, 1959; Nakajima, Iwasaki, and Obata, 1962; Nakamura, Nakajima, and Grundfest, 1964) . The only ion which has an effect on the dark current of the ventral photoreceptor is potassium. Changing the external potassium concentration shifts the reversal potential and alters the shape of the dark current-voltage diagram in a manner which would be consistent with the hypothesis that potassium is the major current carrier.
The behavior of the second conductance, the light-induced conductance, is characterized by the fact that a light pulse evokes a variation of conductance in time which has both a transient and a steady-state phase, corresponding to similar phases in the receptor potential. The time course of the lightinduced conductance is obtained by applying a pulse of light of given inten-
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sity and duration at different levels of clamped membrane potential. As shown in Fig. 4 , with the onset of the light pulse the light-induced current--measured with reference to the dark current--increases rapidly through a transient phase and subsides to a steady value. Thus at any instant in time the magnitude of this current, In, the membrane potential, V, and the reversal potential, EL, i.e. the emf of this current system, give the conductance by the relation :
The amplitude of the transient phase depends on both the intensity of illumination and the state of adaptation of the cell. The steady phase, which is maintained as long as the cell is illuminated, is, on the other hand, dependent only on the intensity of the light. Another important property of the conductance, GL, is that it not only varies with time but it is voltage-dependent as well. At any point in time the conductance-voltage relation can be adequately described by a simple empirical equation of the form a + bV + c exp (kV). The range of applicability of this equation is restricted to the range of voltage tested in these experiments ( -2 0 0 to + 5 0 mv). The equations for the various time points differ only by a multiplicative scaling factor which is independent of voltage and depends only on time. One way to interpret this is that the light-induced conductance is the result of a recruitment process whereby "unitary" conductances, which have the same basic voltage characteristics, are triggered into being by the incident light. Each unitary conductance has a certain amplitude and time course which depend on previous light history and when all the triggered unitary conductances are combined they give rise to the over-all amplitude and time course of the light-induced conductance.
The light-induced conductance of a cell in low sodium seawater has a voltage relation similar to the voltage relation of the light-induced conductance from the cell in normal seawater. The only difference between the two relations is that the magnitude of the conductance from the cell in low sodium seawater is smaller than that from the cell in normal seawater. This can be interpreted simply as a reduction in the number of active "unitary events."
The effects of sodium-free solutions on the light-induced currents imply that in the normal environment the sodium ion is the major current carrier responsible for the light responses. The fact that the currents are not completely abolished for the sodium-free solutions but only reduced to about 10% of the normal currents suggests that sodium may not be the only ion involved. The small change in the emf, i.e. the reversal potential, for the light-induced current with changes in the external sodium concentration also suggests the involvement of other ions, for if sodium were the sole current carrier the shift in the reversal potential would be 58 mv per 10-fold change in the external sodium concentration in contrast to the 10-15 mv change observed. A systematic exchange of the ions present in the normal external medium, except for sodium, has had no effect on the reversal potential. It is interesting to note that Brown et al. (1968) , in a brief report on their studies of the lateral eye of the barnacle, found a change in the reversal potential of the light-induced current toward more negative values with a reduction of sodium in the saline.
Calcium, although it had no discernible effect on the reversal potential, changed the magnitude of the light-induced currents. Removal of calcium causes an eightfold increase in both the peak transient currents and the maintained steady light-induced currents. Increasing the external calcium by as much as five times has only a small effect on the amplitudes. Thus calcium acts as a modifier of the current rather than as a current carrier.
The voltage dependence of the conductance which underlies the fluctuations has the same form as that of the conductance underlying the full-scale light response. The reversal potential for the fluctuation currents is exactly the same as the reversal potential for the receptor potential currents. These observations strongly suggest that the increments in conductance associated with the slow potential fluctuations do, in fact, sum to give the over-all lightinduced conductance change seen at higher light levels.
The unitary nature of the slow potential fluctuations in the lateral eye of Limulus is consistent with the analysis of Fuortes and Yeandle (1964) . These authors examined the probability of occurrence and distribution of the fluctuations. T h e y also tested the alternative hypotheses that each fluctuation was due to the absorption of (a) 1 quantum; (b) 2 quanta; or (c) 3 quanta of light. Their observations agree with the one quantum (or more rigorously "one event") hypothesis better than with either of the other two.
Our own observations (Millecchia and Mauro, 1969) indicate that when the absolute number of quanta absorbed by the ventral photoreceptor of Limulus is less than 5/sec the mean frequency of the fluctuations is about 1/sec. This also is strong evidence that the fluctuations are unitary events in the sense that they are responses to single quanta.
In an attempt to summarize the data and also to demonstrate the applicability of the two component hypothesis (the dark current, Ia, and the lightinduced current, IL) as the basis for the light response in the ventral photoreceptor of Limulus, we present a qualitative, graphical reconstruction of the receptor potential from the current-voltage data (Fig. 14) . The reconstruction is qualitative in the sense that a detailed analysis of the time variations of the dark current has not been attempted; instead only the steady-state value of the dark current was used, noting that this approximation will distort the transient
phase of the receptor potential. Only five light-induced current-voltage curves were plotted, representing five time points (tl-ts) during the receptor potential; the rest of the response was drawn in with a smooth curve. In the unclamped state, there is no net current flowing across the cell membrane at any time (I = 0). If the two branch system we have proposed is an adequate representation of the photomembrane, the dark current must at all times be equal in magnitude but opposite in direction to the light-induced current (Iz = -12). We can determine the voltage from moment to moment by plotting the light-induced currents (for different times) on the same graph with minus the steady-state dark current. The voltage at which the dark current crosses a particular light-induced current, say at tI, is the value of the cell's potential at time tl. The light response reconstructed in Fig. 14, following this procedure, has the form of a typical receptor potential from these cells. In fact, the value of the steady-state potential, which is distorted the least by the steady-state dark current assumption, is exactly the value of the steady-state phase of the receptor potential of the cell from which the current curves were taken. This type of result encourages us to believe that a two component system is indeed operating in the photomembrane, and that variations of the light-modulated conductance, in conjunction with the dark system, determine the amplitudes and time course of the photoreceptor potential.
